In lepidopteran insects, odorant receptors are involved in the perception of sex pheromones and general odorants. In the Asian corn borer, Ostrinia furnacalis, although several pheromone receptors have been identified, no general odorant receptor has been reported. In this study, an RNA sequencing analysis was carried out to identify the whole repertoire of the odorant receptors expressed in the antennae of O. furnacalis. Among 12 million reads obtained from the antennae of male and female moths, 52 candidate odorant receptors were identified, including 45 novel ones. Expression levels of candidate odorant receptors were estimated by read mapping and quantitative reverse transcription PCR. These analyses confirmed that the expression of the previously identified pheromone receptors was highly male biased. In contrast, none of the newly identified odorant receptors showed male-biased expression. Three of the newly identified odorant receptors showed female-biased expression. Two of them were the most highly expressed odorant receptors in the female antennae, suggesting that they may be involved in the detection of odorants important for the induction of female-specific behaviors such as oviposition site selection. In addition, candidate genes of 21 ionotropic receptors, 5 gustatory receptors, 2 sensory neuron membrane proteins, and 26 odorant degrading enzymes were identified. Our results provide a basis for further analysis of the chemosensory system in the Ostrinia species.
Introduction
Odorant receptors of lepidopteran insects are classified into two major groups, pheromone receptors and general odorant receptors, primarily based on their functions [1, 2] . Pheromone receptors are specialized for the perception of sex pheromones that mediate sexual communication between males and females [3, 4] . Most pheromone receptors are narrowly tuned to the respective components of sex pheromones, and their sensitivity is usually high [5] . On the other hand, general odorant receptors are considered to function in the perception of environmental odorants such as host-plant volatiles, the detection of which is crucial for the selection of oviposition
Materials and Methods

Insect rearing
O. furnacalis were collected on the Eai river bank (38°35 0 40@N, 140°57 0 20@E), Furukawa, Japan, in June 2010. This species is not endangered or protected. Collection of unprotected insects in this area does not require any permission. The collected insects were maintained in the laboratory on the artificial diet for silkworm (Silkmate 2M, Nosan Corporation Life-Tech Department, Yokohama, Japan) at 23°C, under a 16:8 light/dark cycle. The larvae were reared in the insect breeding jar (100 mm diameter × 80 mm height, 310122; SPL Lifesciences Co. Ltd., Seoul, Korea) at a density of 60−80 individuals per bottle until they became pupae. The pupae were collected and divided by sex. Eclosed adults were fed with water for 2 days, then allowed to mate in a net cage containing a plastic cup as the substrate for egg laying.
RNA sequencing and assembly
Male and female antennae were dissected from 2-day-old adults, and frozen in liquid nitrogen. RNA was immediately isolated from the frozen antennae using the QuickGene RNA tissue Kit SII (RT-s2; KURABO, Neyagawa, Japan). The antennae from more than 20 individuals were pooled for a single RNA isolation experiment. Three biological repeats for each sex were made for the analysis of expression levels. Sequencing libraries were prepared using the TruSeq RNA Sample Preparation Kit v2 according to the LS protocol of the manufacturer's instructions (Illumina, Inc., San Diego, CA, USA) using 1 μg of total RNA from each sample, except for the following modifications to select the library with long inserts. Incubation time of purified mRNA fragmentation was changed from 8 min to 30 sec at 94°C, and 0.7×volume of the AMPure XP beads was used in the all purification steps. Prepared libraries were mixed at a concentration identical to each other in a 1.5 ml tube and applied for cluster generation on the MiSeq system using the MiSeq Reagent Kit v3 (Illumina, Inc., San Diego, CA, USA). A total of 6 libraries were indexed and applied for a single multiplex run in the 300 bp single-end mode. The raw data were deposited in the DDBJ Sequence Read Archive under accession number DRA002255. The reads were preprocessed with cutadapt v1.2.1 [28] for quality trimming at QV30 with a minimum length of 50 bp. The pass-through reads were pooled and assembled using Trinity r2013_08_14 (http://trinityrnaseq.sourceforge.net/) [29] . Open reading frames were extracted from the Trinity contigs with TransDecoder (http://transdecoder.sourceforge. net/) [30, 31, 32, 33] using the script that came with the Trinity distribution without modification.
Screening of odorant receptors and read mapping
The extracted ORF sequences (referred to as the Trinity transcripts hereafter) were first screened by similarity to Bombyx. mori odorant receptors (BmorORs) using two different methods to maximize the possibility of identifying candidate odorant receptors (Fig. 1) . A total of 68 protein sequences of B. mori were obtained from the database [34, 35] , and each was used as a query in BLASTp searches against the Trinity transcripts. In parallel, PSI-BLAST searches were performed using alignments of BmorORs in various groupings as a query (Table 1) . In both searches, the E-value cutoff was set to 0.0001. Overlapping variants were removed at this step by selecting the longest one as a representative transcript of a variant group. The results of two screenings were merged and duplications were removed. The remaining Trinity transcripts were screened for the presence of transmembrane domains using SOSUI (http://harrier. nagahama-i-bio.ac.jp/sosui/) and TMHMM (http://www.cbs.dtu.dk/services/TMHMM/) [36, 37] . The transcripts that contained transmembrane domains were finally screened using doi:10.1371/journal.pone.0121261.g001 Table 1 . Grouping of genes used in the query of the PSI-BLAST search.
Groups genes from other species ORs B. mori
BLASTp against the NCBI non-redundant protein database (16.12.2013) (Fig. 1 ), and those that had an insect odorant receptor as a top-hit homolog were considered as candidate odorant receptors. The expression level of each receptor was estimated by mapping the raw reads to the ORF sequences of the candidate odorant receptors using bowtie2 v2.0.6 in local mode with -a option, followed by processing with eXpress v1.5.1 [38] . Expression levels were calculated as reads per kilobase of the ORF length per million total reads for each library (RPKM) [39] .
Quantitative reverse transcription PCR
The relative expression levels of the candidate odorant receptors in the antennae and the thorax were validated by quantitative reverse transcription PCR (qRT-PCR). Thorax (mixture from males and females) was used as a control to examine the tissue specificity of the expression pattern. Primers were designed to amplify an approximately 200 bp-long fragment at the 3' end of the ORF of each candidate ( Table 2 ). Tissues were dissected from 2-days-old adults independently from those used in the RNA-seq analysis. Total RNA was isolated using the QuickGene RNA tissue Kit SII (RT-s2, KURABO, Neyagawa, Japan) and cDNAs were transcribed using the SuperScript III First-Strand Synthesis System (Invitrogen, Carlsbad, CA, USA). Three biological repeats (independent RNA extraction and cDNA synthesis) were made. Quantitative RT-PCR was done using the LightCycler Nano system (Roche, Mannheim, Germany) with the FastStart Essential DNA Green Master Kit (Roche). Three genes, RpS3, actin, and NADH dehydrogenase, were included in the analysis, and the average quantification cycle (Cq) value of these three genes was used as an internal control. Relative expression levels of candidates to the internal controls were estimated as 2 -ΔCq , where ΔCq represents the difference of Cq between each candidate and the internal control.
Phylogenetic analysis
Phylogenetic relationships of O. furnacalis odorant receptors (OfurORs) were analyzed against BmorORs and Cydia pomonella odorant receptors (CpomORs) [40, 41] . A total of 164 amino acid sequences were aligned using MAFFT v7.130 with the option E-INS-i [42] . Phylogenetic relationship was deduced by the maximum likelihood method using RAxML v8.0.17 [43, 44] with the GAMMA model for rate heterogeneity and the WAG model for substitution matrix. In addition, the rapid hill-climbing search algorithm (-f d) was used. Model optimization precision in log likelihood units for final optimization of tree topology (-e) was set at 0.0001. The tree image was created using FigTree v1.4.1 (http://tree.bio.ed.ac.uk/software/figtree) [45] .
Identification of other genes involved in the odorant perception
IRs, GRs, SNMPs, and ODEs were identified by the same method used in the identification of odorant receptors, except for the screening by presence of transmembrane domains which was not applied for SNMPs and ODEs. Protein sequences of IRs, GRs, SNMPs in B. mori were obtained from the database [46, 47, 48, 49] . SNMPs in O. furnacalis were also used as queries [50] . Because ODEs were not systematically studied in the B. mori, ODEs in Sesamia inferens were used [51] .
Results
RNA sequencing and screening of candidate odorant receptors
From multiplexed sequencing with Illumina MiSeq for six cDNA libraries, more than 12 million reads were obtained, which consisted of 5,852,653 reads from female antennae and 6,167,215 reads from male antennae (Fig. 1) . The average length of reads was approximately Table 2 . Primers used in qRT-PCR.
Name Primers
160 bp (Table 3 ). All reads in a total number of 2 billion bases were pooled together to be assembled into 60,399 contigs, from which 24,629 open reading frame sequences (ORFs) were extracted (Table 4 ). In the first screening, 244 and 243 sequences were obtained from the homology searches against B. mori odorant receptors using BLASTp and PSI-BLAST, respectively. These sequences included groups of variants that were identical in their middle section but different from each other in the length of the two termini. Such variants were probably generated by sequencing errors that truncated the deduced ORF. For further analysis, the longest one was selected as a representative sequence of each group. The robustness of this method was confirmed by comparisons with the sequences of previously identified pheromone receptors (see below). After removing duplications between the two screening results (BLASTp and PSI--BLAST), 134 candidates remained. From the second screening using SOSUI and TMHMM, 117 sequences were found to contain transmembrane domains. These sequences were finally screened against the NCBI non-redundant protein database, of which 52 had an insect odorant receptor as the top-hit homolog (Table 5 ). Seven of the nine previously identified pheromone receptors were found in the candidates, with the exception of OfurOR1. Although two sequences were reported for OfurOR5 (OfurOR5a and OfurOR5b), only one sequence was found in our candidates, which was slightly different from either. In the other cases, the previously identified receptors and the corresponding candidates were completely identical at the amino acid level but with some differences at the nucleotide level. The 45 newly identified receptors were named from OfurOR9 to OfurOR53. Expression levels of the candidate odorant receptors estimated by read mapping
To estimate the expression level of the candidate odorant receptors in males and females, the reads were mapped onto the ORF sequences of the candidate receptors. Because OfurOR1 was not found in our candidates, its sequence was obtained from the database. Sequences for OfurOR5a and OfurOR5b were also obtained from the database and treated as independent receptors in the mapping. As expected, OfurOR2 (Orco) was expressed at the highest level in both male and female antennae ( Table 5 , Fig. 2A ). Most of the previously identified pheromone receptors (OfurOR3, 4, 5a, 5b, 6, 7, and 8) showed male-specific expression, which was consistent with previous studies [12, 19, 20] . Among these, OfurOR4, the receptor for the major pheromone component in O. furnacalis, was expressed at the highest level. OfurOR7 was expressed not only in males but also in females at an intermediate level. Surprisingly, but consistently with the results of the candidate screening, the number of reads mapped onto OfurOR1 was very low, suggesting that it was not expressed in our samples. None of the 45 novel candidate receptors showed strongly male-biased expression as observed with the previously identified pheromone receptors. Because the read counts were normalized by the total read number, and a large part of the reads were mapped onto the pheromone receptors in males, the RPKM values for the other receptors tended to be higher in females. Nevertheless, OfurOR15, 39, 52, and 53 should be recognized as female-biased receptors. In particular, OfurOR15 and OfurOR39 were expressed at the next highest levels after OfurOR2 (Orco) in female antennae.
Expression levels of the candidate odorant receptors confirmed by qRT-PCR
To confirm the expression levels of the candidate odorant receptors, qRT-PCR was carried out using the independently prepared cDNA libraries. The primers for qRT-PCR were designed to specifically recognize the sequence at the 3' end of each candidate (Table 2) . Thorax cDNA libraries were used as the negative control, and no expression was detected for any of the odorant receptors (Table 5 ). In the antennae, the results were generally consistent with those of the read mapping but with some exceptions (Fig. 2B ). The inconsistency with the results of read mapping was probably caused by high sequence similarity between two receptors. Because we used -a option in the bowtie2 mapping, single reads derived from the high-homology regions were mapped to both of the receptors with a 0.5 count each, resulting in a similar RPKM value in both receptors. Such cases were likely in OfurOR21, 25, and 36 that were expressed at lower levels than estimated by the read mapping. Female-biased expression was confirmed for OfurOR15, 39, and 53. In particular, OfurOR53 was highly female-specific, suggesting its dedicated role in females. Expression of OfurOR7 in females was also confirmed. Because the malefemale expression ratio was more accurately estimated by qRT-PCR than read mapping, the difference between males and females was smaller for most receptors than that estimated by read mapping.
Phylogenetic analysis
Phylogenetic relationships between OfurORs and BmorORs, as well as with odorant receptors in C. pomonella are shown in Fig. 3 . As expected, Orco was highly conserved among the three species. All the previously identified pheromone receptors of O. furnacalis formed a single clade with other pheromone receptors from B. mori and C. pomonella. Within this clade, however, receptors from the same species tended to form subclusters, suggesting that pheromone receptors have undergone species-specific duplication events. The female-specific receptor OfurOR53 formed a clade with BmorOR30 and CpomOR30, among which BmorOR30 was reported to exhibit female-specific expression [34, 40] , whereas CpomOR30 was not [41] . The other two female-biased receptors, OfurOR15 and OfurOR39, belonged to independent clades. OfurOR15 formed a clade with OfurOR28, OfurOR41, BmorOR14, CpomOR14, and CpomOR20. Among these, OfurOR41 showed slightly female-biased expression (Fig. 2B ), but the others were expressed both in males and females [34, 40, 41] . OfurOR39 formed a clade with OfurOR51, BmorOR50, BmorOR51, and CpomOR43. None of these were reported to be female biased [34, 40, 41] .
Identification of other genes involved in the odorant perception
We also identified candidate genes of 21 IRs, 5 GRs, 2 SNMPs and 26 ODEs (Table 6 ). All the genes were novel in O. furnacalis except for SNMPs [50] . The phylogenetic relationships between OfurIRs, BmorIRs, and CpomIRs are shown in Fig. 4 . ODEs were divided into three families, including eight aldehyde oxidases (OfurAOX1 to OfurAOX8), fifteen carboxylesterase (OfurCXE1 to OfurCXE15) and three alcohol dehydrogenase (OfurAD1 to OfurAD3) ( Table 6 ).
Most of the identified genes were full length. However, all of the GR genes were partial, probably due to their low expression levels in the antennae.
Discussion
Pheromone receptors
In the previous study, pheromone receptors in O. furnacalis were cloned by degenerate PCR [12] . For this reason, the 5' and 3' terminal sequences of the ORFs were not known. In the present study, we identified complete ORF sequences for seven of the nine previously identified pheromone receptors. On the other hand, OfurOR1 was not found in our RNA-seq analysis. It was also not detected in the independent qRT-PCR analysis, indicating that OfurOR1 was not expressed in our sample. This might be due to intraspecies polymorphism because our samples and those used in the previous studies were derived from different localities in Japan [12] . None of the 45 novel receptors found in this study showed male-biased expression as observed in the previously identified pheromone receptors. The previously identified pheromone receptors were structurally distinct from the other receptors; they formed a single clade in the phylogenetic analysis. Thus, it is likely that there are no additional pheromone receptors in O. furnacalis other than the already identified ones. However, the presence of some other receptors that incidentally respond to pheromone components was not excluded. Identification of novel odorant receptors in O. furnacalis provides the opportunity to experimentally examine this possibility.
Phylogenetic relationship of odorant receptors with sexually biased expression
Genome wide analysis of the expression pattern of odorant receptors has been carried out in several lepidopteran species including B. mori [34, 40] , Manduca sexta [52] , C. pomonella [41] , Helicoverpa armigera [53] , and Spodoptera littoralis [54] . In each species, receptors with sexspecific expression have been identified. Some of these receptors are phylogenetically close to each other. The most significant example is the pheromone receptor group, which contains nine receptors from three species (BmorOR1, 3, 4, 5, 6; HarmOR14, 15; SlitOR6, 13) that were male specific [34, 53, 54] . The previously identified pheromone receptors in O. furnacalis belonged to this group, and most of them were male specific [12] . However, not all of the members were male biased. Seven receptors from three species (CpomOR3, 5; HarmOR1, 2, 11; SlitOR11, 16) were equally expressed in males and females [41, 53, 54] . Furthermore, CpomOR15 was shown to be female specific [41] . Another example is a group of receptors including OfurOR53 and BmOR30. Although these two receptors were specifically expressed in female antennae ( [34, 40] , this study), orthologous receptors in other species (CpomOR30 and SlitOR30) were also expressed in the male antennae [41, 54] . These examples indicated that sexually biased expression is under the influence of phylogenetic constraint to some extent, but it also evolves dynamically from sex-specific expression to sex-independent expression and vice versa. Nevertheless, it should be noted that in most of the previous studies, the expression levels were determined by non-quantitative methods, leaving the possibility that the difference between sexes was over-or under-estimated [34, 41, [52] [53] [54] . Quantitative analysis of the expression level is necessary to gain insight into the evolutionary pattern of sexually biased expression of odorant receptors.
Biological function of female-biased receptors in O. furnacalis
In this study, the expression levels of the all receptors were estimated quantitatively by two independent methods, which demonstrated that OfurOR53, 15, and 39 had female-biased expression. Importantly, the latter two were the receptors with the highest expression level in female antennae next to OfurOR2 (Orco). One possible function of these receptors is the perception of male sex pheromone, which was reported to be required for acceptance of mating by females in O. nubilalis [21] . The OfurOR7 is also a candidate for the male pheromone receptor. It belongs to the pheromone receptor group, and it was also expressed in the female antennae. Another possible function of the female-biased receptors is to recognize host-plant volatiles. Finding an appropriate host plant is crucial for reproduction in the herbivorous lepidopteran insects. Odorant receptors involved in host-plant detection would serve as a potential target for novel pest control techniques. In this regard, OfurOR15 and OfurOR39, the receptors with the highest expression levels in female antennae, should be considered as the primary candidates for further characterization of their molecular function. Repertoire of odorant receptors in O. furnacalis
Although an intensive analysis of the antennal transcriptome was conducted in this study, other tissues were not investigated. Therefore, odorant receptors not expressed in the antennae were not included in our analysis. Furthermore, receptors with extremely low expression levels may not have been identified. In fact, the ORF sequences appeared to be incomplete for a few receptors with low expression levels ( Table 5) . Two receptors with a similar sequence, such as recently duplicated pairs, were indistinguishable in our analysis, as seen in the case of OfurOR5a and OfurOR5b. Finally, extremely divergent receptors that were not similar to any of the other insect odorant receptors may not be identified in our analysis, although the candidates excluded at the third screening (homology search against the NCBI nr database) were significantly similar to non-odorant-receptor proteins. These limitations mean that our method is conservative, and whole genome sequence analysis may identify additional odorant receptors in O. furnacalis. Nevertheless, our results provide a list of odorant receptors with significant expression in the antennae, thus they are considered to be biologically functional. Our present results will serve as a basis for studies to understand the evolution of the pheromone communication system, as well as for the development of novel control methods of agriculturally important pests.
